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GENERAL INTRODUCTION 
Swine production in the USA is becoming increasingly concentrated at both farm and 
regional levels. Benefits accrue from economy of scale with potential positive impact on 
local economies through employment opportunities and by providing alternative markets for 
crop production products (Duffera et al., 1999). The states oflowa, North Carolina, 
Minnesota, and Illinois lead the country, accounting for more than 50% of the USA hog 
production (USDA Hogs and Pigs report, 2000). However concentrated swine production is 
accompanied by the production of a large volume of animal manure that contain energy 
potential and plant nutrients. Swine manure is a complex resource that if managed wisely 
could bring local and worldwide benefits. It can also improve soil fertility, crop productivity 
and soil physical characteristics. But only when managed properly (Bailey and Buckley, 
2001). 
Interest in alternative manure utilization techniques has increased as a result of 
concentrated animal production. An example is anaerobic digestion systems for energy 
production. In this process bacteria break down organic matter in an oxygen-free 
environment, resulting in formation of methane gas that can be used for fueling engines and 
converted to electricity for lighting or heating purposes (Sweeten et al., 1990). However, the 
relative fertilizer value of the remaining product from these systems has not been extensively 
tested, and may need different agronomic utilization than the raw manure feedstock going 
into the digester. Manure, and likely the digester product, will vary depending upon manure 
handling, digestion process, animal species, and diets (Sutton et al., 1986). 
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Evaluation of swine manure leaving the digester (digested manure) as a crop nutrient 
source requires the determination of the effects of the anaerobic digestion on nutrient content 
and availability when the material is applied to land. Binder et al. (1996) point out the 
importance of determining manure mineralization and synchronization of nutrient release 
with crop demand. In general there is considerable literature related to the energy 
performance of anaerobic digester designs, but little work has been done on nutrient 
transformations (Sutton et al., 1978) and impacts when land applied. 
Incubation studies provide information that can reflect field conditions, which help us 
to understand specific situations or reactions in soils but that are hard to observe in fields 
studies. Also, they help us to make nutrient availability estimations and direct decisions in 
regard to application rates and management that maximizes crop production and reduces the 
risk of environmental hazards (Rogers et al., 2001 ). 
Nitrogen (N) and phosphorus (P) are essential macronutrients for crops, which are 
present in swine manure and for which good management can provide economic and 
environmental returns. The fate of applied N in the soil is very complex and a result of many 
alternative pathways (i.e. mineralization, nitrification, immobilization, fixation, plant uptake, 
denitrification, and volatilization). For P, mineralization and adsorption govern net P trends 
(Taylor et al., 1978). When manure is applied annually to land for crop production with rates 
based on N content, the P input often exceeds plant demand (Baxter et al., 1998). 
Increased concerns about environmental hazards from high concentrations of organic 
materials, potential tax cuts, and large society energy demand all enhance the viability and 
importance of anaerobic manure digestion for the production of biogas. However, to be an 
excellent option for swine operations, nutrients in the digester effluent most be understood 
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and managed to help offset fertilizer costs and environmental concerns. The objectives of 
this work were to (i) compare the effects of anaerobically digested swine manure and raw 
swine manure on change in soil P and soil inorganic N transformation in an incubation study 
and (ii) compare the N supply from digested and raw swine manure for com production in a 
field study. 
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THESIS ORGANIZATION 
This thesis is organized with a general introduction, and two papers that will be 
submitted to the Soil Science of America Journal and Agronomy Journal, an overall 
summary, and an appendix. Each individual paper has an abstract, introduction, materials 
and methods, results and discussion, and summary. 
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SOIL PHOSPHOUS AND NITROGEN CHANGES FOLLOWING APPLICATION 
OF RAW AND ANAEROBICALLY DIGESTED SWINE MANURE 
A paper to be submitted to Soil Science Society of America Journal 
Esteban R. Loria and John E. Sawyer 
Abbreviations: STP, soil test P. 
Abstract 
The processing of swine (Sus scrofa L.) manure in an anaerobic digester for biogas 
production is not a complete waste-treatment process. Therefore, anaerobically digested 
swine manure must be utilized in some manner, most logically land applied for crop nutrient 
utilization. Our objective was to compare the impact of anaerobically digested swine manure 
and raw manure on changes in soil test P and soil inorganic-N transformations. A laboratory 
incubation study was conducted for 112 days. The treatments were a factorial combination 
of nutrient sources (raw swine manure, digested swine manure, and inorganic fertilizer) at 
five nutrient rates (for P were 0, 12.5, 25, 37.5, 50 mg P kg-1 and for N were 0, 50, 100, 150, 
200 mg N kg-1). Raw and anaerobically digested swine manure generally produced the same 
change in soil test P, ammonium-N disappearance, and nitrate formation. The Olsen-P, Bray 
1-P, and Mehlich 3-P tests estimated similar P recovery at the end of the incubation from 
both manure sources (approximately 15 to 30%) as estimated by change in STP, but this was 
lower than from fertilizer P (approximately 30 to 40%). With long-term interaction with soil 
(112 d or more) expectation is for similar impact on STP and crop availability for all three P 
sources. On the short term, however (less than one month) P availability (change in STP) 
would be considerably less from swine manure. The conversion ofNlti to N03 occurred 
essentially the same rate for both manure sources and fertilizer, with NH.i reaching 
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background concentrations by 14 to 28 days after application. The anaerobic digestion 
process did not substantially change the supply of N and P or impact soil N and P 
transformations from liquid swine manure applications. We conclude that anaerobically 
digested swine manure is a valuable nutrient source that producers can use for crop 
production. Results of this study indicated they should agronomically manage digested 
swine manure as they would raw swine manure. 
Introduction 
Swine manure is an important source ofN, P, and other nutrients for crop production 
(Bailey and Buckley, 2001). Processing of manure in an anaerobic digester is only a partial 
manure degradation process (Sweeten et al., 1990). During anaerobic digestion, chemical 
oxygen demand is reduced, but many organic compounds remain or are reduced to a lower 
molecular weight. Inorganic nutrients are still present, with some forms like ammonium 
increasing. Also, the volume of manure remains constant (Kirchmann and Witter, 1989). 
Therefore, producers typically still need to utilize the material remaining after digestion as a 
source of plant nutrients. 
Thermophilic anaerobic digestion of animal manures has been extensively 
investigated during the last two decades (Williams, 1995). During anaerobic digestion, 
bacteria break down organic matter in an oxygen-free environment, resulting in fewer 
organic nutrient forms and more inorganic forms. Kirchmann and Lundvall (1993) reported 
increases of inorganic N (increase of< 10% ). However, limited information is available 
regarding the impact of anaerobic digestion on nutrient content and crop nutrient availability. 
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Due to a potential increase in the use of anaerobic digestion systems for energy 
production, there is need for a reliable estimate of crop-available N and P in digested swine 
manure. Evaluation as a crop nutrient source requires determination of the effects of 
digestion on nutrient content and the ability to furnish crop-available nutrients when the 
material is applied to land. 
Nutrient release when crops cannot assimilate them can cause low crop nutrient use 
and poor crop response. Binder et al. ( 1996) state the importance of synchronizing manure-
nutrient mineralization with crop demand. Also, environmental loss of nutrients can occur 
when supply does not match crop demand (Griffin and Honeycutt, 2000). One problem in 
manure management is the uncertainty of organic matter mineralization rate. Specific animal 
digestion processes (monogastric or ruminant), feed preferences and rations of different 
species, and overall handling of the manure are responsible for differences in manure nutrient 
concentrations and impact availability to crops (Bailey and Buckley, 2001). 
To evaluate the impact of anaerobic digestion of swine manure on N and P when soil 
applied, it is important to know how these sources affect soil test P (STP), how they 
influence inorganic N levels and transformations, and how they compare to inorganic 
fertilizer sources. Incubation studies provide information that reflect field conditions, 
estimate nutrient changes in soil after application, and indicate rates that maximize crop 
production and reduce the risk of over-applications (Rogers et al., 2001 ). Our objective was 
to compare the effects of anaerobically digested swine manure and raw swine manure on 
change in soil test P and soil inorganic-N transformations. 
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Materials and Methods 
Soil 
A bulk amount (0 to 15cm depth) of Webster soil, fine-loamy, mixed, mesic {Typic 
Haplaquoll) was collected in November from a field that had been in a com-soybean rotation. 
After collection, the soil was partially air-dried for 1 day at 22 °C, sieved (5 mm), and stored 
at 2 °C until the beginning of the incubation period. Chemical characteristics of the soil 
before incubation are presented in Table 1. 
Source of Nutrients 
Three nutrient sources were used: raw swine manure, anaerobically digested swine 
manure, and inorganic soluble N and P sources. The inorganic N and P source was a solution 
made of urea (44%), ammonium sulfate (44%), and ammonium phosphate (12%), for a final 
concentration of 1000 mg P L"1 and 4000 mg N L-1• The raw and digested swine manures 
were collected from the same swine production facility; a commercial 5,000 sow-gestation-
farrowing unit in southern Iowa. The manure sources were collected immediately before and 
after anaerobic digestion (15 days in a mesophilic anaerobic digester) and then stored in 
plastic containers at -5 °C until application. 
After thawing and thorough shaking, subsamples of the manures were chemically 
analyzed at the Iowa State University Analytical Services Laboratory for total N, ammonia-
N, total K, total P, total solids, volatile solids, chemical oxygen demand (COD), and pH 
(American Public Health Association, 1995). The chemical characteristics of the manure 
sources are listed in Table 2. 
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Five rates ofN and P from each source were applied to the soil. Rates for P were 0, 
12.5, 25, 37.5, 50 mg kg-1 and for N were 0, 50, 100, 150, 200 mg kg-1• Phosphorus 
applications rates were matched for each source. However, due to differences in the total 
N :P ratio between manure sources, there were small differences in the applied N amount for 
the manure sources. The treatments were a complete factorial combination of nutrient 
sources and rates, replicated three times in a completely randomized design. 
Incubation 
Treatments were applied to the soil using the following procedure. Soil (1 kg, oven-
dry basis) was spread on top of a brown paper sheet ( 40 x 40 cm) in a thin layer. Each 
specific treatment was prepared by adding to the fertilizer or manure solution a calculated 
amount of distilled water that would adjust the soil to approximately 80% water holding 
capacity. The solution (treatment+ distilled water) was uniformly spread on top of the soil 
layer and then well mixed with the soil by moving up and down the comers of the paper 
sheet. The treated soil was transferred to a polyethylene bag, mixed again by shaking the bag 
for about 1 min, and incubated at approximately 22 °C on a laboratory counter. The 
polyethylene bag top was left open (50%) to maintain air exchange. Moisture content was 
maintained at 80% water holding capacity by checking the weight of the bag every week and 
adding distilled water as needed. The soil was incubated for a total of 112 d. 
Two soil subsamples were collected from each bag by scooping out 50 g of amended 
soil at 1, 7, 14, 28, 56, 84, and 112 dafter treatment applications. One sample was 
designated for inorganic-N (Nl4-N and N02+N03-N) analysis, and the other for routine soil 
P tests and pH. Hereafter the N02+N03-N concentration is referred to as N03-N. The 
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subsamples for N analysis were stored in polyethylene bags and frozen at-5 °C. The other 
subsamples were air-dried and stored in paper bags at room temperature until analysis. 
Soil Analyses 
Extractable P was determined with the Olsen-P, Bray 1-P, and Mehlich 3-P 
availability indices (Frank et al., 1998). Changes in extractable P concentrations were 
estimated by subtracting the extractable P measured in each control soil for each sampling 
date. The percentage of added P reflected in the STP change was calculated by: (average P 
treatment STP concentration - control STP average P concentration) x 100/ P applied. This 
calculation was done at 7 d and after 112 d and after application (Table 3). 
Inorganic-N was determined by extracting 10 g of soil (moisture adjusted) with 2M 
KCl. The N14-N and N03-N contained in the KCl extract was determined by Lachat flow-
injection procedure (Lachat Instruments, Milwaukee, WI) (Gelderman and Beegle, 1998). 
Extractable NRi-N and N03-N was adjusted by subtracting the NRi-N and N03-N measured 
in each control soil at each sampling date. Soil pH was determined on a 1: 1 water soil paste 
using an electronic pH meter (Watson and Brown, 1998). 
Data were analyzed by using the Proc Mix procedure of the Statistical Analysis 
System (SAS Institute, 1992). Repeated measurements analysis was utilized to compare 
treatment effects at different sampling dates. 
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Results 
Nitrogen 
Soil inorganic-N was affected by source x rate x time of incubation (P < 0.05) when 
extractable N~-N and N03-N were measured. Among all treatments, higher concentrations 
ofNH4-N and lower concentrations ofN03-N were found the first day after treatment 
application (Fig. 1). During the next two weeks a rapid rate of~-N disappearance and 
N03-N formation was evident among all treatments. No differences were found between 
manure sources in most cases. 
The decrease in concentration of extractable NH4-N was not different between raw 
and digested swine manure at all rates, and both reached background levels between day 14 
and 28 depending on the application rate (Fig. 1 ). However, significant differences between 
fertilizer and the manures were evident before day 28 at additions of 150 and 200 mg N kg-1• 
In this period the manure sources had lower ~-N concentrations than the fertilizer and 
returned to background levels, whereas the fertilizer source still maintained some ~-N. 
No differences in N03-N formation between manure sources were found for most of 
the sampling dates (Fig. 1). Nitrate-N concentrations were similar for all sources through 
day 7. Concentrations continued to increase until day 14 for the lowest application rates (50 
and 100 mg N kg-1) and until day 28 for the greater application rates (100 and 150 mg N kg-
1), the same time when ~-N concentrations returned to background levels. Differences 
between fertilizer and manure were measured from day 14 to the end of incubation. After 
peak nitrate formation, concentrations were greater with fertilizer than either manure source. 
Nitrate concentrations increased slightly from 28 to 56 days for the fertilizer source, but did 
not increase further with subsequent sampling dates. With both manure sources, the N03-N 
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concentrations slowly increased with time after the initial rapid increase. The maximal N03-
N concentration measured for all rates with the fertilizer source was nearly 100% of applied 
N. However, the maximal N03-N concentration was approximately 80% of the applied N 
from the manure sources (Fig. 1 ). 
Soil pH 
Soil pH was affected by N source x rate x time (P < 0.05). Soil pH decrease over 
time was similar between the raw and digested manure, but was not as large as for the 
inorganic fertilizer treatments (Fig. 2). The greatest decline was found by day 28. The 
decrease in soil pH is evidence of nitrification, and was low enough to potentially slow 
nitrification at the highest fertilizer rates. 
Phosphorus 
For all soil P tests, the change in extractable P was affected by the source and rate of 
P applied (P < 0.05) (Fig. 3). Also, the interaction with sample date was different for the 
Olsen-P and Mehlich 3-P tests (P < 0.05), but not different for Bray-lP (P = 0.0638). 
The increase in STP was similar and remained fairly constant for each manure source 
over the incubation period. However, with fertilizer P application change in STP declined 
slowly from the initial maximum levels found at days 1-28 (Fig. 3). 
The impact on STP (P recovery) from P sources (measured as percentage change in 
extractable P) was not affected by the application rate. However, recovery was affected by 
source x sampling date x STP (P < 0.05). This is evident with greater recovery for the 
fertilizer source among all three tests, even though the percentage increase in Olsen-P test 
was lower than the other two soil P tests (Table 3). Also, mean increase was the same for 
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both manure sources, except for the Mehlich-3 test at day 7 where the digested manure had a 
greater recovery. 
Discussion 
From our incubation study, we observed no differences between raw and 
anaerobically digested swine manure in regard to initial Nlii-N supply, disappearance of 
Nlii-N, N03-N formation, pH suppression, or change in soil test P. However differences 
between inorganic fertilizer and the manures were found in all cases. 
At the first sampling date, Nlii-N was increased but N03-N concentrations were not 
different than the control in all treatments. This indicates that the dominant inorganic-N 
form applied for all sources was Nlii-N. Kirchmann and Lundvall (1993), working with raw 
and digested swine manure, observed no N03-N and 75 to 85% ofN as NH.i-N, respectively. 
This is similar to our findings. The decrease in extractable NH.i-N and the increase in N03-N 
concentrations are a result of nitrification. It is possible that microbial immobilization would 
occur to a greater extent with manure application than inorganic sources due to the presence 
of organic carbon in the manures. A temporary and slight decrease in total inorganic-N was 
observed shortly after application (data not shown) in the manure sources, but not in the 
fertilizer. These findings are consistent with those of other researchers who have studied N 
mineralization and transformation from sources with varying organic content (Chae and 
Tabatabai, 1986; Duffera et al., 1999; Kirchmann and Lundvall, 1993). 
The maximum N03-N concentration measured with all rates for both manure sources 
was only approximately 80% of the applied total N. However, the maximal N03-N 
concentration in the fertilizer source was nearly 100%. This reflects the proportion of total N 
as NH.i-N initialy present in the different sources (Table 1), and explains why the inorganic 
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fertilizer source responded with a greater immediately supply of plant-available N (Griffin 
and Honeycutt, 2000). Despite high NRi-N in both manure sources, a pool of organic-N 
continued mineralizing during incubation, releasing Nlii-N that also quickly nitrified 
(Duffera et al., 1999). Thus, N03-N continued to increase whereas NHt-N did not. 
However, in the 112 d of incubation, there was not an equivalent release of total inorganic-N 
from the manures, as was for the fertilizer. Thus some organic-N apparently was not 
mineralized in 112 days. 
The pH of the soil treated with different manure sources showed a similar 
suppression, with the greatest decline through day 28 (Fig. 2). This paralleled the 
nitrification process (Fig. 1 ), during which an acidifying effect due to proton formation 
occurs (Bernal and Kirchmann, 1992). The smaller decrease in pH found for soil treated 
with manure (Fig. 2) could be due to a greater buffer capacity as a consequence of organic 
matter content (Fordham and Schwertmann, 1977), use of ammonium sulfate in the fertilizer 
source, or less nitrification. 
Typically 65 to 75% of the Pin raw swine manure is in organic forms and only 25 to 
35% is in inorganic forms (Reddy et al., 1980). The anaerobic digestion process apparently 
did not impact the swine manure to an extent that would affect P availability to change STP. 
Fig. 3 (Al, A2, A3 and C2) shows only a few exceptions where differences in STP were 
evident between the two manure sources. Compared to the inorganic P application (where 
100% of the P was orthophosphate) the differences in STP compared to the manure sources 
were found at many sampling dates, especially shortly after application. 
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Mineralization and adsorption govern net P trends and soil test changes when soils 
. are amended with P (Taylor et al., 1978). Over time, manure-P will undergo both processes 
whereas inorganic fertilizer (orthophosphates) would be influenced primarily by the 
adsorption process. The initial change in STP was greater with the fertilizer P addition than 
with either manure source. However, 28 days after application the extractable levels were 
similar for most sources and rates. When inorganic-Pis added, all of the Pis immediately 
available for soil chemical reactions or for soil test extraction; therefore the speed of soil 
interactions will govern the STP measured. Manure-P has inorganic-P, grain-P, and 
microbial-P (Poulsen, 2000); therefore P available to immediately influence STP is different 
than inorganic sources, and the P available to interact with the soil is also different than the 
inorganic sources. From this, the initial increase in soil test P should be lower with manure 
sources, as was measured in this study, but the "slow" supply from organic manure-P may 
help to maintain a more constant level of plant-available P or soil test P, also measured 
across the duration of this study. 
As the rate of application increased, the change in extractable P also increased among 
all sources (Fig. 3). This is consistent with work by Reddy et al. (1980) who concluded that 
an increase in animal waste application increases plant-available P. However, in terms of 
percentage change in extractable P, no consistent differences in application rates were found. 
All three soil-P tests predicted similar estimates of the change in P from the manure-amended 
soils (Table 3). Because of the greater inorganic P content, fertilizer application showed a 
greater percentage change in STP, similar to results of Baxter et al., 1998. After 112 days, 
the percentage of applied P measure in S_TP increase averaged approximately 30 to 40% for 
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the fertilizer and 15 to 30% for both manure sources. These are more similar than expected 
considering the widely differing P sources. 
Summary 
We conclude that digested swine manure is a valuable nutrient source that producers 
can use for crop production, and they should manage it as they would raw swine manure. 
One would expect similar crop P availability from both manure sources and fertilizer over 
time in field applications. On short term, however (less than one month), P availability 
would be expected to be less from swine manure. Both raw and digested swine manure 
provide large amounts of inorganic-N, but approximately 20% less than all inorganic 
fertilizer N within 4 months of application. The initial nitrification of the manure NH4-N 
parallels nitrification of fertilizer NH4-N, and implies management should be similar to 
fertilizer based Nfu-N. 
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Table 1. Selected chemical characteristics of the soil before incubation. 
Characteristic Values 
Bray 1-P (mg Pkg-) 47 
Mehlich 3-P (mg P kg-1) 50 
Olsen-P (mg P kg-1) 25 
Exchangable K (mg K kg-1) t 245 
Exchangable Ca (mg Ca kg-1)t 3,856 
Exchangable Mg (mg Mg kg-1) t 572 
Exchangable NH4-N (mg N kg-1) 3 
N03-N (mg N kg-1) 24 
Organic matter (g kg-1) 7.0 
pH 5.8 
t Extracted by: (IM N~OAc, at pH 7.0) 
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Table 2. Selected chemical analyses of the swine manure sources. Values are means of four 
samples collected immediately before and after anaerobic digestion. 
Characteristic Raw Manure Digested Manure 
Total solids, mg L- 11,250 12,500 
Total P, mg P L-1 661 777 
Total Kjeldahl Nitrogen (TKN), mg N L-1 2,880 2,655 
Ammonia-N, mg N L-1 1,440 1,500 
Total K, mg K L-1 1,166 1,117 
Chemical Oxygen Demand (COD), mg L-1 12,600 5,600 
pH 7.8 8.1 
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Table 3. Percentage change in extractable P for each soil test P method at sampling date 7 
and 112, mean of all P application rates. 
Soil P test Sampling date Raw Manure Digested Manure Fertilizer 
days - - - - - - - Percent change in Extractable p11 - - - - -
Olsen-P 7 19a a aH§ ' ' 19a,a,a 38a,b,a 
Brayl-P 7 29a,a,a 27a,ab,a 44ab,b,b 
Mehlich 3-P 7 23a,a,a 44b,b,a 56b,b,a 
Olsen-P 112 18a,a,a 29a,a,a 29a,a,a 
Brayl-P 112 22a,a,a 24a,a,a 41a,b,b 
Mehlich 3-P 112 16a,a,a 19a,ab,b 34a,b,b 
t At the same sampling date, numbers in columns followed by different first letter are significantly different, 
(P<0.05) Tukey-Kramer least square means test. 
i At the same sampling date, numbers in rows followed by different second letter are significantly different, 
(P<0.05) Tukey-Kramer least square means test. 
§ At different sampling date, but same soil test method, numbers in columns followed by different third letter 
are significantly different, (P<0.05) Tukey-Kramer least square means test. 
~Percentage change was calculated by: lOO*(soil test P mg P kg-1-soil test P control)/P applied mg P kg-1• 
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Fig. 1. Extractable N~-N and N03-N over time for each nutrient source and application 
rate. At each sampling date, the ~-Nor N03-N concentration in the control soil 
was subtracted from each sample. Comparisons (P < 0.05) using Tukey-Kramer least 
square means between N sources at each sampling date are indicated by: z fertilizer 
and digested manure; x fertilizer and raw manure; Y raw and digested manure 
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Fig. 2. Impact of manure source and application rate on soil pH. Comparisons (P < 0.05) 
using Tukey-Kramer least square means between nutrient sources at each sampling 
date are indicated by: z fertilizer and digested manure; x fertilizer and raw manure; Y 
digested and raw manure. 
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Fig. 3. Change in extractable P over time for each nutrient source and application rate. At 
each sampling date the STP concentration in the control treatment was subtracted 
from each sample to calculate the change in extractable P. Al, A2, A3 and A4; Bl, 
B2, B3 and B4; Cl, C2, C3 and C4; represent Olsen-P, Bray 1-P and Mehlich 3-P at 
12.5, 25, 37.5, and 50 mg P kg·1, respectively. Comparisons (P< 0.05) using Tukey-
Kramer least square means between P sources are indicated by: z fertilizer and 
digested manure; x fertilizer and raw manure; Y digested and raw manure. 
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USE OF ANAEROBICALLY DIGESTED SWINE MANURE IN CORN 
PRODUCTION 
A paper to be submitted to Agronomy Journal 
Esteban R. Loria, John E. Sawyer, and Jeffrey C. Lorimor. 
Abbreviations: LG, leaf greenness; LSNT, late spring soil nitrate test; TKN, total Kjeldahl 
nitrogen. 
Abstract 
Swine (Sus scrofa L.) manure is an important source of nutrients for crop production. 
The processing of manure in an anaerobic digester for biogas production is only a partial 
manure treatment process and is not designed as a disposal treatment. Therefore, after 
digestion producers still need a place to apply the digested manure, most typically as land 
application for plant nutrient utilization. However, digestion will alter the chemical 
composition, so this change may impact nutrient availability to crops. The objective of this 
study was to compare the N supply from raw and anaerobically digested (15 d residence 
time) swine manure for com (Zea mays L.) production. Raw and digested swine manure was 
fall applied as main plots, with three manure-N rates as subplots, and six fertilizer-N rates as 
a sub-subplots. Com was the previous crop each year; and a new area was used each year. 
Response to manure-N was determined through grain yield, N uptake, plant N status 
assessments, and soil inorganic-N change. After two growing seasons results indicated no 
difference between raw and digested swine manure as a plant N source. Equivalence ofN 
supply from both raw and digested swine manure to com varied between years, with 100% in 
2000, but only 50% in 2001. This difference was attributed to varying growing seasons and 
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loss potential from time of fall application of the manure compared to the spring-applied 
inorganic fertilizer. Late fall and early spring sampling indicated rapid N conversion to N03-
N. From this work, digested swine manure can readily supply adequate N for com 
production, and should be managed in a similar fashion as raw manure. 
Introduction 
In the last three decades the concept of extracting energy from animal manure has 
gained renewed interest. Anaerobic digestion of animal manures for production of biogas 
has increased (Williams, 1995) and been taken more seriously because of potential tax cuts 
and problematic energy supply, similar to the USA energy crisis in the 1970's. Also, 
concerns about environmental hazards in regard to disposal of manure have increased 
(Goodrich, 2001). In general there are many scientific publications related to the 
performance of digester designs for energy production (Goodrich, 2001 ), however little 
information is available regarding the impact of digestion on manure related to nutrient 
content, potential availability for crop production, and soil chemical changes (Sutton et al., 
1978). 
Nutrient availability questions are more complicated than they may seem because 
crop uptake is a season-long process (Schepers et al., 1998). A large problem in manure 
management is the uncertain potential availability of the organic nutrient forms (Killom, 
1998). Better estimates of manure nutrient availability to crops are needed to help farmers 
improve manure nutrient management, especially for manures that have been chemically or 
physically manipulated, like anaerobically digested manure. 
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Binder et al. (1996) states the importance of manure mineralization and the 
synchronization of nutrient release with crop demand. Swine manure is considered a 
valuable nutrient source that can increase yields when applied to soil at rates commensurate 
with good agronomic practices (Duffera et al., 1999). This is attributed to improved soil 
physical properties such as aggregate stability, water holding capacity, and decreased bulk 
density, as well as enhanced nutrient availability. 
In the anaerobic digestion process, bacteria break down organic matter in an oxygen-
free environment, typically resulting in higher amounts of inorganic nutrient forms and lower 
organic matter (Kirchmann and Lundvall, 1993). Sutton et al. (1978) reported that generally 
anaerobically treated wastes contain higher concentration ofN (TKN and ammonium) on a 
wet basis than aerobically treated wastes. Across a multi-year sampling J. Lorimor (personal 
communication, 2002) found a 13% larger proportion in the ammonia form (76% raw, 89% 
digested) after swine manure went through an anaerobic digestion process, but a 10% higher 
TKN with raw manure. This transformation in the chemical characteristics of the manure 
could necessitate a change in agronomic utilization. 
In the USA swine production is being concentrated at both regional and farm levels 
(Bailey and Buckey, 2001). The states oflowa, North Carolina, Minnesota, and Illinois lead 
the country, accounting for more than 50% of the USA hog production. Also 52% of the 58 
million swine population is fed in concentrated operations (5,000 head or larger) (USDA 
Hogs and Pigs report, 2002). All this controlled and large source of potential nutrients and 
energy as manure from these facilities must be utilized in some manner. Most logically land 
application for crop nutrient use. But at the same time energy production before land 
application could help to save fossil fuel reserves and decrease the synthetic fertilizer budget. 
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The objective of this study was to compare the N supply from raw and anaerobically 
digested swine manure for com production. Field studies were designed to determined soil 
N, plant N uptake, and grain yield responses to applications of raw swine manure, digested 
swine manure, and inorganic N. 
Materials and Methods 
Field studies were conducted in the 2000 and 2001 crop years on a Clarion-Nicollet 
Webster soil association (Fine -loamy, mixed, mesic, Typic Haplaquolls) at the Agronomy 
Research and Demonstration Farm, located near Boone, IA. Soil chemical characteristics of 
the sites are listed in Table 1. 
Raw and anaerobically digested liquid swine manures used in this study were 
obtained from Bell farms, a commercial sow-farrowing swine facility located in Southern 
Iowa. The anaerobic digested manure source was liquid swine manure that had been exposed 
to a 15 d residence digestion process in a mesophilic anaerobic digester. Chemical analyses 
of manure samples collected before each application were conducted by the Iowa State 
University Analytical Service Laboratory for ammonia-N, total P, TKN, total solids, volatile 
solids, and pH (APHA, 1995). Manure N03-N was not included due to previous experiences 
that indicated very little N03-N in liquid swine manure. Table 2 shows the chemical analysis 
of the manure sources. In 2000, the analyses for TKN and NH.t-N in the applied manures 
were not as different as the long-term sampling average from the production site (J. Lorimor, 
personal communication, 2002). 
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The manure sources were applied in the fall of 1999 and 2000 (early Nov.) with a 
sweep injector applicator (76 cm sweep spacing) that had injection knives mounted on the 
back of the applicator. Maximum injection depths were 15 to 20 cm, and resulted in a band 
of manure vertically and horizontally distributed. The applicator was run through the control 
plots (no manure application) to negate effects of injection tillage. The rates of manure and 
N applied are presented in Table 3. 
The study utilized a split-split plot treatment arrangement in a randomized complete 
block design, with four replications. Main plots (22.8 by 73.2m) were manure sources (raw 
swine manure and anaerobic digested swine manure). Sub-plots (7.6 by 73.2m) were manure 
rate (none, medium, high). Sub-sub plots (3.8 by 12.2m) received surface-broadcast 
NHiN03 fertilizer at rates of 0, 45, 90, 135, 180 and 225 kg N ha-1 immediately after 
planting. 
Soil was sampled for routine soil test P, K, and pH in the spring before planting to 
determine fertilizer needs. Phosphorus or K fertilizers were applied to non-manure plots 
when soil tested at or below a very high-test category to negate effects of P and K applied 
with manure. All cultural practices of planting, herbicide and insecticide applications were 
typical for the region. Com was planted (72,000 plant ha-1 in 76.2 cm rows) in early May 
each year. Hybrids were Pioneer® 34R07 in 2000 and NK® N58-Dl in 2001. Com stands 
were counted and thinned to uniform population each year. 
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Sampling and Analysis 
Plant samples for total N determination were collected at V8 growth stage (Ritchie 
and Hanway, 1982) (four whole plants), and aboveground biomass and grain at maturity. 
These samples were dried at 65 °C, weighed, ground, digested in sulfuric acid/hydrogen 
peroxide (Plank, 1992) and analyzed for total N by a modified accelerated diffusion method 
of Stevens et al. (2000). 
Aboveground biomass samples were collected from the 0, 45, 90, 135, 180 and 225 
kg N ha-1 rate sub-sub plots where no manure was applied, and from the 0 fertilizer N rate 
plots of both manure sources, for a total of 40 samples. Three m of plants were harvested 
from the middle two rows of the sub-sub plots (1.5 min each row, with plants cut just above 
soil line). The plant biomass and ears were weighed, and then 5 plants were chopped in the 
field with a portable chopper. Subsamples of the chopped biomass and harvested ears (five) 
were dried at 65°C to determine moisture content. Sub samples of the biomass and grain 
were ground to pass a Imm screen and analyzed for total N concentration by digesting in 
sulfuric acid/hydrogen peroxide (Plank, 1992) and analyzed for total N by a modified 
accelerated diffusion method Stevens et al. (2000). Total N uptake values (plant dry weight 
x N concentration) were calculated for the total above ground biomass at V8 stage and 
maturity (not including cob N). 
End of season stalk nitrate concentrations (Binford et al., 1992) were determined on 
lower stalk samples (10 segments per plot) collected at physiological maturity at the same 
time that aboveground biomass samples were collected. 
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The middle three rows of each plot were harvested for grain yield with a plot 
combine. In 2000 some plots were harvested by hand because of lodging from wind damage. 
Grain yields were adjusted to 155 g kg-1 moisture content. In both years grain sub samples 
where collected for protein determination by near infrared reflectance (NIR) (Rippke et al., 
1995). 
Leaf greenness (LG) was measured with a chlorophyll meter (Minolta® SP AD 502 
meter) to evaluate the N status of com plants during the growing season. All measurements 
were taken on 30 randomly selected plants from the middle three rows of each sub-subplot. 
Readings were taken at the V8, Vl5, VT and R3 growth stages (procedure of Blackmer and 
Schepers, 1995). Chlorophyll meter readings were taken from the newest fully expanded leaf 
that had a collar exposed until the VT stage, when the ear leaf was measured. Plants close 
together, at gaps in the rows, or those that were damaged were not measured. 
Soil samples were collected in a pattern across the manure application from each 
manure source and rate (zero fertilizer N) at 0, 19, and 38 cm away from the band and 
increments of 15 cm to a depth of 45 cm. Samples were collected in first week of December 
of 1999, second week of May and June of2000 and second week of May of2001. Due to 
adverse weather conditions samples could not be collected in December of2000. Also after 
analysis of the first year samples, no differences between May and June samples were found. 
Therefore, in 2001 spring samples were only colleted in May. Samples were sieved (5mm) 
and placed in plastic bags and frozen at-5°C until inorganic N (NI4-N and N03+N02-N) 
analysis by accelerated diffusion methods of Khan et al. (1997). Moisture content was 
determined gravimetrically. 
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Late spring soil nitrate test (LSNT) samples were collected in early June of both years 
(when com plants were 15 to 30 cm tall). Samples were collected in sets of eight 3.2 cm 
diam. cores from the 0 to 30 cm layer in the same plots that biomass samples were collected. 
The soil samples were dried in a forced-air oven at 50°C and analyzed for N03-N 
(Gelderman and Beegle, 1998). 
Post-harvest soil profile samples were collected for N03-N determination from the 0, 
90 and 180 kg N ha"1 fertilizer rates where no manure was applied, and the zero fertilizer N 
rate for both raw and digested swine manure. Two 3.8 cm cores were collected in 0.3 m 
increments to a depth of 1.2 m. All soil samples were dried, ground and analyzed for N03-N 
(Gelderrnan and Beegle, 1998). 
Statistical analyses were carrying out by Statistical Analysis System (SAS Institute, 
1992) using GLM and Mixed procedures. The analyses of variance for the measured 
variables were conducted in a manner consistent with the split-split plot treatment 
arrangement in a randomized complete block design, with four replications. When deemed 
significant, responses to fertilizer N rate were fitted by the NLIN procedure to the quadratic 
plateau model. The statistical model (Mixed) was modified when only selected plots were 
sampled (LSNT, total N uptake, com stalk nitrate), separating manured from fertilized plots 
in independent analyses and calculating Fischer protected least significant difference 
(FLSD). 
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Results and Discussion 
Climatic conditions varied between the two years and impacted overall productivity 
and response to applied N. The 2000 growing season was dryer and warmer than the 2001 
season. Fig. 1 shows the 2000 growing season started with low precipitation and warm 
temperatures in early spring, a warm summer with temperatures reaching almost 30 °C and 
weekly distribution of rain providing adequate moisture. A hot-dry period in late August 
rapidly accelerated plant maturity. The 2001 growing season started wetter and cooler 
(March and May) than 2000, finishing with a more moist and cool late summer and early fall. 
The com was slow to reach maturity and for the grain to dry down for harvest in 2001. Also, 
each late fall was warm enough after manure application to allow nitrification. All measured 
parameters were statistically analyzed by individual year. Tables 4 and 5 show the 
abbreviated ANOVA tables for each parameter. 
Soil inorganic-N 
Soil inorganic-N concentrations 
Elevated concentrations ofNI-Li-N and N03-N were found in samples collected at the 
center of the injection zone and from the surface to l 5cm depth (Table 6) at the December 
1999 sampling. No differences between manure sources were found. The control in Table 6 
represents background NI-Li-N, and N03-N values at each sampling date. It would be 
expected to find increased NI-Li-N due to the composition of the manure, and apparent rapid 
nitrification took place as a result of warm temperatures after application. In both years, by 
the May sample date, NI-Li-N levels decreased to background levels and in 2001 N03-N had 
also. Inorganic-N concentrations are reported only for the center of the application zone as 
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that was the zone of highest concentration. These results indicate that the fall-applied raw or 
digested manure NH4-N could easily be converted to N03-N by early spring. 
Late Spring Soil Nitrate (LSNT) 
In the 2000 and 2001 growing seasons LSNT values were not different between 
manure sources, however manure rate and N rate significantly affected LSNT values (Table 
7). Higher values were measured in 2000 than 2001 in the manured plots. It is interesting 
that the values from the manured plots are lower than from the fertilized plots even though 
the applications supplied similar amounts of total N. Others have noted that less inorganic N 
was present in the soil following manure injection than surface-broadcast fertilizer treatments 
(Sutton et al., 1978). Interpretation of critical LSNT values are lower with manure 
application than fertilizer application (Blackmer et al., 1997). Also, the manure was fall 
applied while the fertilizer treatments were spring applied. Differences in mineralization, 
N03-N movement out of the top foot of soil, or loss may explain part of the difference in 
LSNT values. The cooler and wetter 2001 spring may have also impacted differences 
between years (Fig. 1 ). 
Post Harvest Soil Profile Nitrate 
The profile N03-N concentrations after harvest both years were not affected by 
manure source (Table 8). However, manure rate and N rate significantly affected profile 
N03-N levels. Overall, measured N03-N values would not be considered in excess, but the 
concentrations tend to be higher at the high manure rates, and with the 160 kg ha"1 fertilizer 
N rate. Highest concentrations were found in the top 30 cm, where the manure or fertilizer 
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was generally applied. Lower concentrations measured in 2001, when manure was applied, 
tend to suggest more spring loss than in 2000. By the end of the growing season, low levels 
ofN03-N was left in the soil profile from the applied treatments, except with 160 kg 
fertilizer-N ha-1 in 2001. 
Grain Yield 
Com grain yields are presented in Fig. 2B and Fig. 3B, with the associated statistical 
analyses shown in tables 4 and 5. The manure x manure rate x N rate interaction was 
significant for com grain yield in 2000, and the manure rate x N rate interaction was 
significant in 2001. Also, the main effects ofN rate and manure rate were significant both 
years. These results indicate that the significance of the triple interaction in 2000 was 
influenced mostly by manure rate and N rate. The main effect of manure source, and other 
interactions with manure source, were not significant either year. Therefore, for both years 
the effect of manure source was considered not significant and results are averaged across 
sources. This is consistent with work by Fischer et al. (1984) who reported that when 
effluent of anaerobically digested swine manure and raw manure are applied to the soil at the 
same N rate, com response was similar. 
In order to quantify manure impact on yield and N availability to com, we pooled the 
manure source data. Quadratic-plateau regression equations (when significant) were fit to 
the N rate responses, and maximum plateau values were determined for the different manure 
rates (Figs. 2 and 3). Jokela (1992) suggested this method to quantify the fertilizer N 
equivalence to a given rate of manure by developing best fit regression lines for the response 
variable (grain yield) to N fertilizer and determining the fertilizer rate that would produce 
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similar yield as manure. We have the benefit of having all fertilizer N rates applied along 
with each manure rate, which helps negate other manure effects. 
For the no-manure regression fit-lines, maximum yields (plateau join point) were 
obtained at 90 kg N ha"1 in2000 and 105 kg N ha-1 in2001. However, in 2000 grain yield 
was higher than in 2001by1.5 Mg ha"1 (Fig. 4B). Yield differences from both growing 
seasons could be attributed to several factors, like genetics (change in hybrid) and weather 
conditions. 
The low rate of manure (85 kg total-N ha-1) yielded approximately the same as the 90 
kg N ha-1 from fertilizer, with no yield increase when fertilizer N was applied on top of the 
manure N. This indicates that equivalence ofN supply from the manure was approximately 
100% in 2000. In 2001, the plateau yield (Fig. 4B) was reached at 65 kg N ha"1 with the 
regression fit-line of the low manure rate (80 kg total-N ha"1equivalent) and around 105 kg N 
ha-1 with no manure. This suggests that the difference in rates between the maximum yields 
in terms ofN is the quantity delivered by the manure (40 kg N ha-1) which gives 
approximately 50% equivalence N supply from fall-applied manure compared to the spring-
applied inorganic fertilizer for the 2001 year. This decrease in equivalence-N supply could 
be attributed to varying growing seasons and loss potential from time of fall application. In 
neither year was there additional yield increase to fertilizer N when applied in conjunction 
with the high manure rates. 
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PlantN 
Leaf greenness (LG) 
Leaf greenness, as measured by chlorophyll meter readings, is a useful tool to 
monitor the in season N status of com because chlorophyll content is highly correlated with 
leafN concentration (Schepers et al., 1992). As available soil N increases, more leaf 
chlorophyll is produced and the plant displays increasingly greener leaves. (Bullock and 
Anderson, 1998). However, a maximum greenness is reached, so excess N cannot be 
determined (Schepers et al., 1992). But it is particular useful to detect N deficiency. 
Chlorophyll meter readings taken at V8, V15, VT and R3 growth stages were used to 
determined in-season com N status each year. In both years the manure rate x N rate 
interaction (Table 4 and 5) was significant. Since no statistical differences between manure 
sources were found, means of the manure sources at different fertilizer N rates are shown in 
Figs. 4 and 5. 
In 2000, at the V8 growth stage, maximal LG with no manure was obtained at 105 kg 
N ha·1, and the LG with manure low and manure high rates were all higher than the 
maximum no manure values (Fig. 4A). In 2001, maximum LG was reached at 50 kg N ha·1 
with no manure and at 40 kg N ha·1 with the low manure rate (Fig. 5A). Plants at the V8 
stage were greener in 2001than2000, but were also more responsive to N with manure 
application. If we compare manure application rates, in year 2000 the low and high manure 
rates were enough N to maximize LG at 0 kg fertilizer-N ha·1, but not in 2001. Early season 
plant SP AD readings are not well correlated with yield or season long N response because 
levels of soil N insufficient for optimum grain yields could be completely sufficient to 
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support young plants (Bullock and Anderson, 1998). However, in this study differences in 
manure-N supply were measured at the VS stage, in one of two years. 
The V15 growth stage represents the beginning of the most critical period of plant 
development in terms of yield determination (Ritchie and Hanway, 1982). In 2000, 
maximum LG with no manure was reached at 60 kg N ha-1, while the low and high manure 
rates had maximum LG at the 0 kg N ha-1fertilizer rate (Fig. 4B). However in 2001 
maximum LG was reached at 130 kg N ha-1 with no manure and a slight response to 
additional N with the low manure rate (Fig. 5B). 
The time surrounding pollination is critical for high yield and stress can significantly 
influence pollination and seed set (Ritchie and Hanway, 1982). The LG at the VT stage was 
maximized at 90 and 110 kg fertilizer-N ha-1 with no applied in manure in 2000 and 2001, 
respectively (Fig. 4C and 5C). These N rates are close to the maximal rates measured in 
grain yield response both years. There was no increase in LG with fertilizer N application to 
either manure rate in 2000, but there was some LG response with the half rate in 2001. 
The latest growing season measure of LG was taken at the R3 growth stage. In 2000 
maximum values were reached at 117 kg N ha-1, and like at VT, the maximum values were 
close to the ones observed with grain yield (Fig. 4D). Blackmer and Schepers (1995) 
indicated N deficiencies detected late in the season (R4-R5 growth stages) by LG were 
highly correlated with yield. For an unknown reason, in 2001 no maximum LG was defined 
within the range of fertilizer N applications with no manure, and LG peaked at a high 
fertilizer N rate with the low manure rate (Fig. 5D). However, at the high manure rate LG 
did not increase with added fertilizer N. Highest LG was similar in both years at the VT and 
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R3 stages. It appears that LG at this particular stage and at VT are good indicators of the rate 
ofN to achieve plateau yield as found by Varvel et al. (1997). 
Above Ground Total N Uptake 
In 2000 the manure rate significantly affected above ground N uptake at the V8 stage, 
however the difference was small (Table 4 and Fig. 2A). Also, applied fertilizer N did not 
increase N uptake (Table 4). The no response to Nat this early stage suggests that the bulk 
soil released enough N to maximize uptake at V8 in 2000. On the other hand, in the year 
2001, a significant effect from fertilizer N rate was measured for all manure rates, (Table 5 
and Fig. 3A). This lack of soil N supply and manure N supply in 2001 is also supported by 
the soil inorganic N concentration discussed earlier. Total N uptake, like LG trends, at early 
plant growth are not necessarily a good indicator of season-long N supply and yield response 
from manure (Eghball and Power, 1999). 
Above-ground total plant-N uptake at maturity was affected by manure rate and N 
rate in 2001, but in 2000 no significant differences were found (Tables 4 and 5). In 2000, 
maximum total N uptake (160 kg plant+ grain N ha-1) was obtained at 120 kg fertilizer N ha-
1, while in 2001 no plateau was reached (however the maximum N rate applied produced 160 
kg plant+ grain N ha-1). It is unknown why in 2001 that the biomass-N continued to increase 
after the point where maximum grain yields where found. Perhaps in 2001, after the 
potential grain yield was set, plants continued to accumulate N in the biomass and grain, but 
this did not impact yield. These results are similar to LG at R3, and may represent luxury 
consumption as a result of a long and moist fall season. This is in contrast to the rapid plant 
maturity in 2000 as a result of a few days of high temperatures and soil dry conditions. In 
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2000, the total N uptake plateaued at a similar fertilizer N rate as grain yield. In 2001, total 
N uptake reflected the greater response to fertilizer N and low N uptake at the low manure 
rate. 
Grain Protein 
Grain protein responded to manure and fertilizer N application each year. Manure 
rate and N rate main effects and manure rate x N rate interaction was significant in 2000 and 
2001, respectively (Tables 4 and 5). In 2001, above normal protein values were measured 
according to Rippke et al. (1995). Even for the same genotype cropped under nonlimiting N 
conditions in the field, protein concentration of the kernels can vary widely among years 
(with values ranging between 60 to 120 g kg-1) (Borras et al., 2002) 
End of Season Stalk Nitrate 
Concentrations ofN03-N in the lower stalk at maturity has the potential for 
evaluating excess N status of the com (Bindford et al., 1990). In 2000, stalk nitrate was 
affected by manure rate and N rate while in 2001 only by N rate (Tables 4 and 5). More N03 
accumulation was found with N fertilizer application and with manure applications in 2000 
than 2001. Comparing both years, at N applications above the rate when maximum grain 
yield was obtained, an indication of excess nitrate occurred both years (above approximately 
2000 mg kg-1) (Binford et al., 1992; Varvel et al., 1997; Brouder et al., 2000), but at a lower 
N rate in 2000 than 2001(Figs.2 and 3). Similar high concentrations were mwasured for the 
high manure rate in 2000, but not in 2001. This indicates the potential of lower N 
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availability in the 2001 growing season and also the potential effect of greater N 
accumulation into grain in 2001. 
Summary 
Anaerobically digested swine manure is a valuable source of nutrients that can be 
used in crop production. After two growing seasons results indicated no difference between 
raw and digested swine manure as a plant N source. Equivalence of N supply from both raw 
and digested swine manure to com varied between years, with estimated 100% availability in 
2000, but only 50% in 2001. This difference was attributed to varying growing seasons and 
loss potential from time of fall application of manure compared to the spring-applied 
inorganic fertilizer. From this work, digested swine manure can readily supply adequate N 
for com production. Late fall and early spring sampling indicated rapid N conversion to 
N03-N. Management of digested swine manure for crop production should be similar as 
with raw manure. 
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Table 1. Soil chemical characteristics. 
Year 
2000 2001 
Bray 1-P (mg P kg-1) 60.0 67.0 
Exchangeable K (mg K kg-1) t 174.0 143.0 
Organic matter (g kg-1) 50.0 40.0 
pH 6.0 6.0 
t Extracted by IM NH40Ac, at pH 7.0 
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Table 3. Digested and raw swine manure application volumes and N rates. 
Treatment 2000 2001 
Rate applied - - - - - - - - - L ha· - - - - - - - - -
Digested manure low 28,000 29,900 
Raw manure low 28,000 28,900 
Digested manure high 56,000 59,700 
Raw manure high 56,000 57,900 
Total N applied · - - - - - - - kg total N ha ·1 - - - - - - -
Digested manure low 76 86 
Raw manure low 94 76 
Digested manure high 154 172 
Raw manure high 188 152 
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Table 6. Effect of manure source and rate of application on the concentration of soil 
°NH4-N and N03-N in the 0-15 cm of the soil collected from the center of the 
application zone. 
Sam~lin9 date 
Source Dec-99 Ma~-00 Jun-00 Ma~-01 
- - - - - - - - - - - - mg NH4-N kg-1- - - - - - - - - - - - - - -
Digested High 63 11 21 14 
Digested Low 54 13 14 11 
Raw High 57 17 14 13 
Raw Low 39 11 13 17 
Control t 12 11 13 8 
FLSD {0.10r 23 NS NS NS 
- - - - - - - - - - mg NOrN kg -1 - - - - - - - - - - -
Digested High 50 52 22 33 
Digested Low 42 54 30 29 
Raw High 58 54 30 27 
Raw Low 64 33 19 28 
Control 35 31 31 20 
FLSD {0.10} NS 10 NS NS 
t Samples collected 38 cm away from band 0-15cm depth. 
tt Fisher protected LSD for significant differences between NH4-N and N03-N 
concentration within a sampling date. 
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Table 7. Effect of manure source, rate and fertilizer rate on late spring soil N test 
(LSNT). 
Source Rate N rate 2000 2001 
mg N03-N kg-1 
Digested Low 0 10 5 
High 0 16 5 
Raw Low 0 12 4 
High 0 16 9 
None None 0 7 4 
None 80 24 23 
None 160 38 35 
FLSD (0.10)t 3 4 
t Fisher protected LSD for significant differences between N03-N concentration. 
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Fig. 1. Summary of the monthly mean air temperature and rainfall collected from the 
weather station located at the Agronomy Research and Demonstration Farm, 
approximately 2 km from the experimental site. 
40 
35 
-2 30 
~ 25 
~ 
~ 20 
:::> 
z 15 s 
;: 10 
"'., .s:: 
5 
0 
12 
0 
200 
~;-
.c 150 g 
Q) 
-" .!!I 
~ 100 
z 
iii 
0 
t- 50 
0 
4000 
"'°' "' 
.[ 3000 
$ 
~ 2000 
"' s 
(J) 
1000 
0 
! 10 
c 
·~ e 
0. 
·~ 
5 " 
0 
60 
A .t. Marure None • Manure Low +Manure High 
D 
' 
• • ... 
• 
: I ... 
Y = 8.94 + 0.0027lx-0.00013x2 if x < 91 
Y = 10.35 ifx > 91 
E 
... 
Y = 127.8 + 0.857x-0.0036x2 if x < 120 
Y = 178,8 ifx > 120 
... 
50 100 150 200 
N Rate (kg ha'1) 
250 
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GENERAL CONCLUSIONS 
The objectives of these studies were (1) to compare the effects of anaerobically 
digested liquid swine manure (15 d residence time in the digester) and raw swine manure 
on change in soil test P and soil inorganic-N and (2) to compare the N supply from raw 
and digested swine manure for com production; determining soil N, plant-N, and grain 
yield responses. 
From our incubation study, we observed no differences between raw and 
anaerobically digested swine manure in regard to initial ~-N supply, disappearance of 
~-N, N03-N formation, pH suppression, or change in soil test P. However differences 
between inorganic fertilizer and the manure sources were found in all cases. 
We conclude that digested swine manure is a valuable nutrient source that 
producers can use for crop production, and they should manage it as they would raw 
swine manure. One would expect similar crop P availability from both manure sources 
and fertilizer over time. On the short term, however (less than one month), P availability 
would be expected to be less from swine manure, either raw or digested. Both raw and 
digested swine manure provide large amounts of inorganic-N, but approximately 20% 
less than all inorganic fertilizer N (within 4 months of application). The initial 
nitrification of the manure ~-N parallels nitrification of fertilizer ~-N, and implies 
management should be similar to fertilizer based ~-N to best utilize this N component 
of swine manure. 
65 
Anaerobically digested swine manure is a valuable source of nutrients that can be 
· use in crop production. After two growing seasons results indicated no difference 
between raw and digested swine manure as a plant N source. Nitrogen equivalence 
supply from both raw and digested swine manure to com varied between years, with 
estimated 100% in 2000 but only 50% in 2001. This difference was attributed to varying 
growing seasons and loss potential from time of fall application of the manure compared 
to spring-applied fertilizer. Late fall and early spring sampling indicated rapid N 
conversion to N03-N. From this work, digested swine manure can readily supply 
adequate N for com production, and should be managed in a similar fashion as raw 
manure. In future research of this nature, evaluations of different application periods 
(spring vs. fall), soils, and climatic seasons will be important. 
66 
ACKNOWLEDGEMENTS 
I would like to express my deepest gratitude to my major professor, Dr. John 
Sawyer, who opened to me the doors of the knowledge and who always gave his best 
advice. My appreciation also go to Dr. Randy Killorn who in the beginning of this 
journey opened my eyes to new horizons, and Dr. Jeffrey Lorimor who always provided 
me with good information every time that I requested it and "delivered" manure to the 
research site. A special thanks is extended to Angela Rieck-Hinz for her support and help 
since the first day. Also my appreciation to Sudipta Rackshit, German Pena, Jorge 
Sawchick, Jon Lizaso, Jorge Hernandez, Manuel Bermudez, Jeremy Klatt, Monica 
Barbazan, Zeb Sullivan, Agustin Bianchini, Carlos Henriquez, Jose Quesada, Dan 
Barker, Louis Moran, John Lundvall, the staff from the Soil Testing Laboratory specially 
Don and Jeff, and Statistics Department Consulting Office, Justin Recnor and Reid 
Landers, and all the others that in one way or another gave their friendship and help in 
this task. I appreciate the support from the Iowa NRCS who sponsored my master's 
project. 
I thank my grandfather Ricardo Solano who is a Doctor graduated from the 
university of the life and who inspires me to love the land and the livestock. To my 
parents, Maurilio and Teresita, who always were there with me; this work is for you. To 
my wife Krisya for her sacrifice, confidence and support. Finally my blessings go to all 
the farmers of the world. 
67 
VITAE 
Esteban R. Loria Solano was born December 26th' 1974 in San Jose, Costa Rica. 
However, he grew up in Cartago, the oldest city of Costa Rica, which is characterized to 
produce several agricultural products. He attended Jesus Jimenez elementary school, and 
graduated from San Luis Gonzaga High School in 1993. Also as foreign exchange 
student attended Corry Area High school in Pennsylvania for a senior year in 1992. He 
received Bachelor degree in Agronomy from the Universidad de Costa Rica in 1998. 
After graduation he worked in the family coffee farm and attend graduated college for 
one year in Universidad de Costa Rica. For the last 3 years he has been working in his 
Master of Science degree in soil fertility at Iowa State University. 
68 
APPENDIX 
...::--
' 00 
~ 
00 s 
'-" 
~ 
Q) --§ ...... 
(..) 
td 
~ 
~ 
69 
400 ~-------- ----------------, 
350 
300 
250 
200 
150 
100 
50 
_.,.._Digested manure ----- Raw manure -a-- Unmanured 
0 mg Kkg-1 
0 ,__~~~~~-~~~~~~~~~~~~~-----
350 I 
300 
250 
200 
150 
100 
50 
zy 
14.5 mg K kg-1 
0 -"--~----~--"~---"---"~-~---""--~--""-""-"--~-~--""-
350 
250 
300 b~~=~E:::=::::::===~=---~==---
y 
200 zy zy 
150 
100 29 mg Kkg-1 
50 
0 
350 l 
300 
250 
200 zy 
150 
100 43.5 mg K kg-1 
50 
0 
350 
300 
250 
200 zx zx zx 
zx 
150 
100 58 mg Kkg-1 
50 
0 
0 20 40 60 80 100 
zxy Sampling date ( d) 
120 
Fig. IA. Impact of manure source and application rate on soil extractable K during soil 
incubation. Comparisons (P < 0. 05) using Tukey Kramer least square means 
between nutrient sources at each sampling date are indicated by: z Unmanured and 
digested manure; x Unmanured and raw manure; Y digested and raw manure 
70 ----, 
8 -+-Digested ~Raw ---.-. Unmanured i I 
' 
6 
-· -
I y 
I 
4 I 
I 
2 0 mg pkg-I ! i 
I 
0 
8 
i 
I 
6 I 
xyz 
4 
2 12.5 mgP ki1 
,,-... 0 -' 0.0 8 
~ 
0.0 6 ...._, --y y 
..... 
~ 4 
:::E 2 25 mg pkg-I 
0 ...... 
§ 0 
e.n 8 
0 -...... 6 0 
(/'] 
4 
2 37.5 mg pkg-I 
0 --~~---~----~---~-~ ....... ~----'-~--·-·-·- ... ·--
8 
6 
y 
4 I 
2 ?O mgP kg-
0 
0 20 40 60 80 100 120 
Sampling date ( d) 
Fig. 2A. Impact of manure source and application rate (P based rate) on soil organic 
matter during soil incubation. Comparisons ( P < 0.05) using Tukey -Kramer 
least square means between nutrient sources at each sampling date are indicated 
by: z Unmanured and digested manure; x Unmanured and raw manure; Y digested 
and raw manure. 
0 
• ' 25 
~-:"" 20 
~ 
C> 
.§. 15 Y = 21.7 + 0.1668x-0.0023x2 if x < 45 z Y = 24.59 ifx > 45 -m 
~ 10 
5 
0 
0 50 100 150 200 250 
N rate 
Fig. 3A. Grain N and leaf N as affected by fertilizer N rate and manure rate in 2000. 
Mean of both manure sources. 
-..-'Cl 
~ 
Cl 
20 
15 
s 10 
z 
c: 
-~ 
Cl 
5 
0 
25 
~ 20 
'0> 
~ 
O'l s 15 
z -co Q) 10 _J 
5 
0 
72 
+ Manure High • Manure Low A Manure None 
• ' • • 
Y = 17.79 + 0.0503x-0.00005x2 
0 50 100 150 200 250 
N rate kg ha-1 
Fig. 4A. Grain N and LeafN as affected by fertilizer N rate and manure rate in 2001. 
Mean of both manure sources. 
Ta
bl
e 
lA
. 
Ef
fe
ct
 o
f m
an
ur
e 
so
ur
ce
 a
nd
 ra
te
 o
f a
pp
lic
at
io
n 
on
 th
e 
co
nc
en
tra
tio
n 
of
 so
il 
~
-
N
 an
d 
N
03
-N
 a
t t
hr
ee
 d
ep
th
s a
nd
 th
re
e 
di
st
an
ce
s f
ro
m
 th
e 
ce
nt
er
 o
f t
he
 m
an
ur
e 
zo
ne
. 
--
--
--
--
·-
-·
-·
--
--
S
a
m
 E
!li
ng
 d
a
te
 
D
 e
c
-9
9
 _
_
_
_
_
_
_
 
M
 a
~
-
0
0
 
Ju
n
 -0
 O
 
M
a
y-
0
1
 
H
 o
 r
iz
 o
n 
ta
 I 
D
 is
 ta
 n
 c
 e
 f
ro
m
 
th
 e
 m
 a
n
 u
 re
 b
a
n
d
 (
cm
 )
 
S
o
u
rc
e
 a
n
d
 r
a
te
 
D
e
p
th
 
0 
0 
2
0
 
4
0
 
0 
2
0
 
4
0
 
0 
2
0
 
4
0
 
cm
 
--
--
--
--
--
--
--
--
--
--
••
• -
••
• -
-•
 -•
 • •
 • -
--
--
• •
 • •
 • •
 • •
 • •
 • -
••
• •
 -m
 g
 N
 H
 4 
-
N
 
kg
 . 
--
--
--
--
--
--
--
--
--
--
••
 • -
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-·
 
D
 ig
 e
s 
te
 d
 H
 ig
 h
 
0-
1 
5 
6
3
 
11
 
11
 
1 
3 
21
 
1 
5 
1 
9 
1 
4 
6 
5 
1
5
-3
0
 
11
 
1
0
 
9 
1 
1 
1 
9 
1 
3 
6 
6 
3 
3
0
-4
5
 
1
3
 
7 
6 
1
9
 
1
4
 
11
 
2
5
 
1 
5 
6 
D
ig
e
s
te
d
 L
o
w
 
0
-1
5
 
5
5
 
1
3
 
1 
2 
1
7
 
1
4
 
1 
5 
9 
11
 
7 
8 
1
5
-3
0
 
1
3
 
1 
1 
9 
1 
2 
1 
0 
1 
1 
3 
8 
6 
3
0
-4
5
 
1 
7 
9 
9 
9 
8 
1 
1 
3 
7 
1
0
 
R
a
w
 H
ig
h
 
0-
1 
5 
5
7
 
1
7
 
1
2
 
1 
3 
1
4
 
1 
1 
11
 
1 
3 
1 
1 
6 
1
5
-3
 0
 
1
2
 
1 
3 
1 
3 
1 
2 
9 
9 
8 
4 
3 
3
0
-4
 5
 
1
3
 
6 
7 
11
 
9 
8 
1 
0 
9 
6 
.....
.... 
R
a
w
 L
o
w
 
0-
1 
5 
3
9
 
11
 
1
2
 
11
 
1 
3 
11
 
1
3
 
1
7
 
1
2
 
1 
0 
~
 
1
5
-3
 0
 
1
2
 
9 
8 
1 
2 
1 
3 
1
0
 
8 
1
0
 
4 
3
0
-4
 5
 
11
 
4 
4 
1 
3 
9 
8 
6 
6 
5 
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
• -
--
--
-m
 g
 N
 0
 3
 -
N
 
kg
 _,
 -
--
--
-•
••
 --
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-•
 --
--
--
• -
· 
D
ig
e
s
te
d
 H
ig
h
 
0-
1 
5 
5
0
 
52
 
4
0
 
2
4
 
2
2
 
2
6
 
2
0
 
3
3
 
1 
8 
1 
9 
1
5
-3
0
 
3
9
 
4
2
 
2
5
 
2
6
 
3
3
 
2
0
 
21
 
1
9
 
2
2
 
3 
0
-4
 5
 
2
4
 
2
6
 
2
2
 
2
0
 
2
7
 
2
2
 
3
0
 
2
0
 
1 
8 
D
ig
e
s
te
d
 L
o
w
 
0-
1 
5 
4
2
 
54
 
3
5
 
2
8
 
3
0
 
2
9
 
21
 
2
9
 
2
7
 
2
3
 
1
5
-3
0
 
35
 
2
9
 
3
2
 
2
9
 
3
2
 
2
3
 
2
6
 
2
3
 
2
3
 
3
0
-4
5
 
2
8
 
2
5
 
21
 
21
 
2
8
 
2
2
 
2
9
 
2
2
 
2
0
 
R
a
w
 H
ig
h
 
0-
1 
5 
5
8
 
5
4
 
3
7
 
3
2
 
3
0
 
31
 
2
3
 
2
7
 
2
8
 
1 
9 
1
5
-3
0
 
3
7
 
4
3
 
2
6
 
3
0
 
2
6
 
2
4
 
2
6
 
1
8
 
1 
5 
3
0
-4
 5
 
32
 
3
6
 
5
8
 
2
3
 
2
8
 
2
5
 
2
6
 
2
2
 
1
6
 
R
a
w
 
L
o
w
 
0-
1 
5 
6
4
 
3
3
 
2
7
 
2
5
 
1 
9 
2
2
 
2
5
 
2
8
 
1 
9 
1 
1 
1
5
-3
0
 
2
7
 
3
2
 
2
5
 
2
2
 
3
2
 
2
7
 
2
0
 
2
0
 
1 
3 
3
0
-4
 5
 
2
4
 
2
2
 
1 
7 
2
5
 
2
3
 
1 
9 
2
5
 
1
9
 
1 
5 
